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ABSTRACT

This paper reviews the research conducted to date at NASA Lewis Research
Center on the fundamental tribological properties of polyimide dry films and
composites. Friction coefficients, wear rates, transfer film character-
istics, wear surface morphology, and possible wear mechanisms of several
different polyimide films, polyimide-bonded solid lubricants, pofyimide solid
bodies, and polyimide composites are compared and discussed. Such parameters
as temperature, type of atmosphere, load, contact stress, and specimen con-
figuration ére investigated. In addition, data from an accelerated test
device (Pin-on-Disk) are compared to similar data obtained from an end-use
application test device (plain spherical bearing).
INTRODUCTION

There are continually increasing needs in the aerospace industry for
self-Tubricating materials which will function at higher and higher temper-
atures. Self-lubricating materials are needed for air bearings, journal
bearings, spherical bearings, ball bearings, gears, seals, etc. (1 to 7).

Polyimide is one class of thermally stable organic polymers which has
demonstrated considerable potential for these applications. Polyimide refers
to a general class of long-chain polymers which have repeated imide groups
as an integral part of the main chain. Pelyimides of different chemical
composition and structure can be obtained by varying the monomeric consti-

tuents. In general, the polyimide chains consist of aromatic rings alter-



nated with heterocyclic groups. Because of the multiple bonds between these
groups, the polyimides are characterized by a relatively high thermal sta-
bility (400" C in air, 500° C in inert atmospheres) (8 to 10). Their radia-
tion stability is also high, being able to withstand high exposure to
heutrons, electrons, ultraviolet light, and gamma radiation (8, 11, and 12).
They resist most common chemicals and solvents, but are attacked by alkaline
materials (11 and 12). At the decomposition point, they crumble‘to a fine
powder without melting. For a more detailed discussion of the physical pro-
perties, see (8 to 13).

It has been demonstrated in previous studies (9 and 10, 14 to 17) that
polyimide films or polyimide-bonded graphite fluoride films have consider-
able potential for self-lubrication applications such as foil bearings,
where Tong thermal soaks are encountered. Low weight loss rates, good
adhesion, and good friction and wear characteristics were obtained for
temperatures to 315° C in air (10 and 14).

Solid bodies of polyimide can also be employed in dry bearings, seals,
gears, etc. In many applications, polyimide by itself is sufficient to
improve the tribological properties of the intended end-use part. However,
in many 1nstances,_so]1d lubricant additives are needed to improve
lubrication. Powdered solid lubricants added to polyimide solids or films
can improve the friction and wear characteristics, but they also can reduce
the load-carrying capacity. To improve the load-carrying capacity of
polyimide solid bodies, reinforcing fibers can be incorporated. If graphite
fibers are used, in addition to improving the strength and stiffness of the
polyimide, improved lubrication performance can be obtained. Considerable
research has gone into developing graphite fiber reinforced polyimide

(GFRPI) composite materials (1, 4, 5, 7, and 18 to 34).



Research has also been conducted at the NASA Lewis Research Center on
the fundamental aspects of polyimide dry film and composite solid body
lubrication. The purpose of this‘paper is to review and summarize that work.
MATERIALS |

Nine different types of polyimides were compared in this study. Those
with known compositions are given in Fig. 1. Seven of the polyimides were
evaluated as films, and were designated PIC - 1 to PIC - 7. Three of the
polyimides were made into solid bodies or composites and were designated
types "A," "C," or "V*, The pb]yimide film PIC - 7 and the polyimide solid
type "C" are the same polyimide. Polyimide type "V" is used to formuiate
commercially available composites.

The polyimide films (20 to 25um thick) were applied to sandblasted AISI
440C HT (high temperature) stainless steel disk substrates (Rockwell hard-
ness, (C-60; surface roughness, 0.9 to 1.2 um (cla)). Polyimide-bonded films
were made using type PIC-1 polyimide and 75 wt percent molybdenum disulfide
(MOSZ) or 50 wt percent graphite fluoride ((CFl.l)n)’ One commercially
available composite made with type "V" polyimide and 15 percent graphite
powder was evaluated. Three different composites were made using type "A"
and type "C" polyimides and 50 wt percent of chopped graphite fibers. Two
types of chopped fibers were used, a low modulus fiber (type “L") and a high
modulus fiber (type "H"). Fiber properties are given in Table 1. For more
details on the films or composites see Refs. (23 and 26).

Hemispherically tipped pins of radius 0.475 cm were made of AISI 440C HT
stainless steel (Rockwell hardness, C-60; surface roughness, cla 0.lum) of
the composite material. The 440C HT pins were slid against the films or the
composite disks and the composite pins were slid against 440C HT disks

with surface roughnesses less than 0.1 um, cla.



EXPERIMENTAL PROCEDURE

A pin-on-disk tribometer was used in this study (Fig. 2). The riders
were either hemispherically tipped pins with a radius of 0.475 cm or the same
hemispherically tipped pins with 0.67, 0.95, 1.35, or 1.75 mm diameter flats
‘worn on them (see insert Fig. 2). They were loaded with a 9.8 N dead weight
against the disk which was rotated at 1000 rpm. The pin slid on the disk at
a radius of 2.5 cm giving it a linear sliding speed of 2.7 m{s. The test
specimens were enclosed in a chamber so that the atmosphere could be
controlled. Atmospheres of dry argon (<100 ppm HZO)’ dry air (<100 ppm
H20), or moist air (10 000 ppm HZO) were evaluated.

Each test was stopped after predetermined intervals of sliding and the
pin and disk were removed from the friction apparatus. The contact areas
were examined by optical microscopy and photographed, and surface profiles of
the disk wear track were taken. Locating pins insured that the specimens
were returned to their original positions. Disk wear was determined by
measuring the cross-sectional aréa on the disk wear track (from surface pro-
files), and rider wear was determined by measuring the wear scar diameter on
the hemispherically tipped rider after each sliding interval and then cal-
culating the volume of material worn away.

RESULTS AND DISCUSSION
Polyimide - Solid Bodies and Films

Wear Mechanisms - 25° C - The wear process of a polyimide solid body or

composite body is one of gradual wear through the body. A film, however, can
lubricate by either of two processes. It can support the load and be worn
away gradually, similar to a solid body; or it can be quickly worn away with
the subsequent formation of a secondary film at the substrate interface.

In the second instance, shearing of the secondary film provides the lubri-



cation. Figure 3 gives cross-sectional areas of a film wear track illus-
trating these two mechanisms. When the lubrication process is one of gradual
wear through the body or film, generally no measurable wear occurs to the
metallic pin. But when the lubrication process is of the secondary film
type, wear of the rider increases (usually at a constant rate) with sliding
distance, probably because some metal-to-metal contact occurs during the
shearing of the film.

The seven polyimide films evaluated were all able to Tubricate by either
mechanism, although the gradual wear through the film mechanism is preferred
since minimal wear to the metallic pin occurs. However, for this mechanism
it was found that the different polyimides produced different friction coef-
ficients and different wear rates.

Friction and Wear - 25° C - The general trend for the wear of the poly-

imide films or solid bodies was to increase in a linear manner (from zero) as
a function of sliding distance. Figure 4 plots wear volume for repre-
sentative polyimides as a function of sliding distance. Wear rates were
determined by taking a linear regression fit (least squares) of these data.
Average wear rates are given for each polyimide evaluated in Table 2.

The table also gives the average "steady-state" friction coefficient
obtained for each polyimide. The table indicétes that the three films that
gave the lowest friction coefficients also gave the highest wear rates. The
four other films and the type "V" polyimide solid body gave higher friction
coefficients but lower wear rates. The polyimide solid body type "A" gave
high friction and high wear. The polyimides were thus classified into three
groups: Group I, low friction - high wear; Group II, high friction - Tow

wear; and Group III, high friction - high wear.



The polyimides were classified into the three groups not only because
of their friction and wear properties, but because the wear track surface
morphological characteristics of each group were similar. Representative
photomicrographs of each group are shown in Fig. 5.

Group I wear surfaces were characterized by being covered with powdery,
agglomerated, birefringent polyimide wear particles. The wear process ap-
peared to be adhesive, but the surface layer appeared to be brittle, and
crumbling of it readily occurred. Transfer fiims to the pin were found to
be thin and plastically flowing.

Group Il polyimides were characterized by a rough-looking surface with
wedge-shaped areas (Fig. 5). Wear particles were very fine and did not tend
to agglomerate on the wear track. One polyimide in this group (PIC-2) pro-
duced wear surfaces that had only localized wedged-shaped areas, and the
wear track for the most part was very smooth.

Initially, transfer for Group II polyimides was similar to Group 1
polyimides, but as sliding distance increased, thick transfer was produced
which did not easily shear. Likewise friction coefficients were initially
Tow (simi]ar‘to Group I), but as transfer built up, the friction coefficient
increased until a steady-state value was obtained (Fig. 6).

Group III polyimides produced very irregularly shaped wear surfaces
with thick plastically flowing surface layers that tended to spall, and pro-
duced considerable back transfer (Fig. 5(c)). Transfer and friction were
similar to Group II polyimides, that is, thick nonshearing transfer films
built up with sliding distance, which increased friction.

Temperature and Atmosphere Effects - The elevated temperature properties

of polyimide films PIC -~ 3, PIC - 5, and solid body types "A" and "V" have

not been evaluated, but the other five have all been found to possess trans-



itions in the friction and wear properties at elevated temperatures. What
is meant by a transition is that above some particular temperature both the
friction coefficients and wear rates of the films drop dramatically.

When this occurs the wear surface on the polyimide film also changes.
Figure 7 gives a typical example of a PIC - 1 film which was evaluated at
150° C in dry air. The wear track has become very smooth and featureless.
Wear particles have been observed to spall from the surface in very thin
layers, indicating that a thin-textured layer developed on the surface.

Also transfer films tended to remain thin and did not build up with sliding
duration.

In addition to temperature, atmosphere can have a marked effect on the
‘tribological properties of polyimides. Figure 8 plots average friction
coefficient and polyimide wear rate as a function of temperature for PIC - 1
polyimide films in three different atmospheres: Dry argon (<100 ppm HZO)’
dry air (<100 ppm HZO)’ and moist air (10 000 ppm HZO)‘ In both dry air
and dry argon, a transition in the friction and wear properties of polyimide
occured between 25° and 100° C (Fig. 8). But in moist air, the transition
appears to have occurred above 100° C. A proposed cause (16 and 35) is that
the HZO molecules hydrogen-bond to the polyimide chains and constrain their

ability to plastically flow in thin surface layers.

Polymide-Bonded Solid Lubricant Films

Wear Mechanisms - Solid lubricants are often added to polymer films to

improve friction and wear properties, but they can also change the mechanisms
of lubrication. MoS, and (CFX)n were added to PIC - 1 polyimide films (9).
The presence of the solid lubricant reduced the strength of the polyimide

and the film could not support the sliding hemisphere under a 9.8 N load.
vThe polyimide-bonded (CFX)n film developed a serfes of fine cracks in
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the film wear track which led to the film crumbling away in less than 15 kc
of sliding (Fig. 9).

The film had been applied to a sandblasted disk. Once through the film,
the polyimide and (CFX)n materials compacted into the valleys between
the’sandb1asted asperities and flat plateaus were worn on the meta]]ic‘as—
perities (Fig. 9(c)). The lubrication process then became shearing of very
thin lubricant films between flats on the pin and on the asperity plateaus.

If the contact stresses applied to the polyimide-bonded (CFX)n films
were reduced, the bonded film could support the load and wear in a manner
similar to the polyimide film alone (36). An example of this is shown in
Fig. 10 where a 0.95 mm - diameter flat slid against a film under a 7 MPa
(1000 psi) projected contact stress (assuming full contact). The photo-
micrographs (Fig. 10) show the same area on the wear track -after 5 and 60 kc
of sliding. It is seen that the film asperities support the load and that
wear is a gradual process of asperity truncation. When the film wear track
is looked at under higher magnifications, the polyimide and graphite fluo-
ride are indistinguishable and appear to have mixed together to form a very
thin-textured layer (Fig. 11). The primary wear mechanism appears to be the
spalling of these layers (Fig. 11).

Friction And Wear Rates — The friction and wear properties of polyimide-

bonded (CFx)n and polyimide-bonded Mos, films were evaluated (9) for a hemis-
phere sliding against the films under a 9.8 N load in dry air (<100 ppm HZO)'
Neither film supported the load, so the secondary film wear mechanism
occurred. Table 3 gives friction and wear results for those experiments.
Except for slightly higher friction coefficients, polyimide-bonded

(CFX)n films gave considerably better tribological resuits than did poly-

imide-bonded MoS2 films.



As mentioned in the previous section, when contact stresses are low
enough, a polyimide-bonded (CFX)n film itée]f can support the load; and wear
becomes the gradual process of wearing through the film. The effect of
varying the contact stress on the friction and wear of the film was
investigated by applying different loads to various flat contact areas (17).
Table 4 summarizes the results of those experiments, and Fig. 12 gives the
wear rate results. The results indicate that both contact stress and pin
contact area can affect the film wear rate.

Surface morphology studies of the wear track indicate that the above
two parameters can effect the type of wear taking place. Under low stresses
and small contact areas, a textured layer on the film wear track results.
The wear process is the gradual spallation of this layer. Under higher
contact stresses, brittle fracture of the film occurs with the size of the
fractured particle depending upon the stress. Large contact areas promote
the buildup of thick transfer films which increase adhesion, and thus wear,
of the film.

The friction coefficient tends to be slightly higher (compared to the
secondary film mechanism) when this mechanism occurs. The friction coeffi-
cient also tends to increase with sliding distance for the larger contact
areas because of the buildup of thick, nonflowing transfer films. Table 4
gives the friction coefficients obtained in these experiments after various
sliding intervals.

Polyimide Composites

Friction and Wear — To reduce the friction and wear of polymer solid

bodies, solid lubricant additives are often added to them to make composites.
In Ref. (23), graphite fibers were incorporated into the polyimide matrix

for this purpose and to increase the load-carrying capacity. In that study,



three different GFRPI composites were evaluated using a weight ratio of

1-to-1 polyimide-to-graphite fiber constituents. Two different polyimides

and two different graphite fibers were made into composite disks and slid

‘against 440C HT stainless steel pins. Included for comparison is a com- -
mercially available type "V" polyimide composite which contained 15 percent

graphite powder.

At 25° C in moist air (50 percent R.H.), the polyimide type or graphite
fiber type had minimal influence on the friction coefficient obtained with
these composites (Fig. 13); but when compared to one of the polyimides
(PIC-7, Table 2), evaluated as a film with no additives, the friction is
higher (0.20 vs 0.10). The composite made with the type "V" polyimide and
15 percent graphite powder gave higher friction than those made with graph-
ite fibers (0.37 vs 0.20); but compared to type "V" polyimide solid bodies
with no solid Tubricant additives, the friction is Tower, 0.37 vs 0.52
(Table 2).

Wear volume as a function of sliding distance at 25° C for the four
polyimide composites is shown in Fig. 14. As found for the films and solid
bodies, wear volume increased at a relatively constant rate with increasing
sliding distance. Table 5 summarizes the wear rates calculated from these
curves and for similar curves obtained at 300° C. At 25° C, the GFRPI com-
posites gave up to five times less wear than did the polyimide-graphite pow-
der composite. In fact, for this particular sliding configuration, adding
graphite powder to the polyimide did not improve the wear resistance {Table 2).
At 300° C, the wear rates obtained for all GFRPI composites were equivalent
to or better than those obtained at 25" C. Friction coefficients at 300° C =
were from two to four times lower than those obtained at 25° C (Table 5).

Experiments were also conducted on the GFRPI composites in dry air
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(<100 ppm H20), since potential applications of these composites are where
there is no or minimal H20 present. At 25" C, slightly lower friction
coefficients and nearly equal wear rates were obtained in dry air as com-
pared to moist air (Table 5). But at 300° C, higher friction coefficients
and wear rates were obtained in dry air. One exception was that the com-
posite made from type “A" polyimide and type "L" graphite fibers gave a
slightly lower friction coefficient in dry air than in moist air at 300° C.
A possible reason for this will be given in the next section.

Wear Mechanisms - Adding 15 percent graphite powder to the type "VY"

po]yimide did not affect the wear process of the base polyimide solid. A
photomicrograph of a typical wear track surface (Fig. 5) shows brittle frac-
ture and spalling of a surface layer 1 to 2 um thick. The graphite particles
can be seen in the matrix and appear not to mix with the polyimide to form a
thin surface layer as graphite fluoride did with the bonded films (Fig. 11).
For GFRP1 composites formulated with type "H" fibers and evaluated in
moist air, a typical wear track surface (Fig. 16) shows the general outline
of the fibers which tend to flow into the polyimide at the surface. In con-
trast to type "H" fibers, type “L" fibers tend to completely mix together
with the polyimide to form a thin surface layer less than lum thick. Wear
occurs by the spalling of this layer (Fig. 17).
At 300° C in moist air, neither fiber mixed with the polyimide (Fig. 18).
Instead a very thin layer of the polyimide tended to flow over the fibers
and dominated the lubrication process. As mentioned previously, above
a transition temperature some polyimides produced very low friction and wear.
At 25° C in dry air, the surfaces were similar to those found in moist
air; but at 300° C in dry air the fibers tended to crack and spall on the

composite wear track (Fig. 19). The breaking up of the fibers tended to
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prdduce higher wear rates and friction coefficients (Table 5). One excep-
tion was the type "A" polyimide with type “L" fibers. Even though wear rate
increased with this composite in dry air, friction coefficient remained low
at a value of 0.02. The most probable reason for this was that the poly-
imide for‘this particular composite was able to remain the dominating influ-
ence, whereas with the other composites the graphite dominated.

Configuration Effects - To compare geometry effects, the specimen con-

figuration was reversed: a hemispherically tipped composite pin was slid
against a metallic disk. The composite was made from a type "A" polyimide
and from type "L" graphite fibers. With this geometry, friction increased
with sliding duration (Fig. 20) in contrast to the relatively constant fric-
tion coefficient (0.2) which was obtained with the.composite disk.

14 3

Initially, the wear rate was lower (0.4x10° -14

/m), but increased to 1.2x10
m3/m after 30 km of sliding, a value about the same as the composite disk
(1.5x10_14m3/m).

The increase in friction appeared to be caused by a similar phenomenon
that occurred with films of polyimide and polyimide-bonded graphite fluoride.
As sliding duration increased, thick, nonsheqring transfer films developed,
which increased friction and composite wear. Figure 21 shows transfer after
1 km of sliding when friction was relatively low (u = 0.31) and after 40 km
of sliding when the friction coefficient had risen to 0.58. In addition to
transfer to the metallic counterface, backtransfer to the composite tended
to occur when friction increased to high values. Figure 22 gives photo-
micrographs of the composite sukface for the same sliding intervals given in
Figure 21.

Friction and wear data from these experiments are comparéd in Table 6

to data where the GFRPI composite was used in an end-use application, a plain
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spherical bearing (21). It is interesting to note that the friction and
wear results from the plain spherical bearing and the pin-on-disk experiments
compare very cliosely when the metal pin slid against the GFRPI composite
disk. But, when a GFRPI composite pin slid againsf the metallic disk, fric-
tion and wear results were entirely different. It is believed the reasons
for these differences were due to difference in wear surface morphology
(caused by geometry differences) in transfer films, in projected contact
stresses, and possibly to differences in temperatures in the contact areas.
CONCLUDING REMARKS

The tribological properties of polyimide films, polyimide solid bodies,
polyimide-bonded solid lubricant films, and polyimide composites have been
discussed and compared. The resu1t§ indicate they have considerable promise
for self-lubricating applications to temperatures of 350° C in air; however,
the upper temperature 1limit is dependent on which type of polyimide is used
and the nature of the application.

In general, the polyimides tend to be somewhat brittle and wear occurs
by the brittle fracture of the surface (up to 3 um or more depending upon
the contact stresses applied). To obtain optimum lubrication with poly-
imides, shear must occur in very thin surface layers (<1 um). Some poly-
imides possess a transition temperature above which the molecules can obtain
a degree of freedom necessary to plastically flow in these thin layers; but
HZO molecules from the atmosphere can hydrogen-bond tp the molecular chains
‘and constrain their motion. Thus, the transition is either masked in the
presence of water vapor or translated to a higher temperature.

Thus, the problem is to alter the polyimide to induce the formation of
thin surface layers at ambient temperatures in moist air. The addition of

solid lubricants can help in this, but the solid lubricant must be compatible
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with the polyimide in order that they mix together to form the very thin
surface layers. In that regard, graphite fluoride ((CFx)n) works well

with polyimide in that the two mix together and shear in a very thin surface
layer under light contact stresses.

A disadvantage of adding powdered solid lubricants (such as (CFx)n)
is that they tend to reduce the load-carrying capacity of the film or com-
posite, probably due to the fact they have planes of easy shear. Graphite
fibers added to polyimide solids reinforced the structure and thus improved
the load-carrying capacity, but different fibers can produce different tri-
bological results. Low modulus, graphitic fibers tended to mix with the
polyimides to produce a thin shear film better than high modulus nongraphitic
fibers, but low modulus fibers tended to produce thick nonshearing transfer
films which tended to increase friction and wear with sliding distance.

The production of thick, nonshearing transfer films was a problem (in
producing higher friction and wear) with polyimides with or without solid
lubricant additives at temperatures below the transition. It is believed
that'this problem can be mitigatéd by proper additive formulation or through
s1iding-configuration design changes, such as smaller contact areas and

higher contact stress levels.
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Table 1 - Typical Graphite Fiber Properties

Property or

TYPE

IILII

TYPE

IIHII

Characteristic English Units

ST Units

English Units

SI Units

Tensile strength 9.0x10% 1b/in2

Etastic moduius 5.0x100 1b/1n2

Length 0.25 in
Diameter 3.3x10-%in
Specific Gravity 1.4

6.2x108 N/mp

3x1010 N/m2

6.4x1073 m

8.4x1070 m
1.4

2.8x10° 1b/in?
5.7x107 1b/in?
0.25 in
2.6x10~% in
1.8

2.0x109 N/m?

3.9x10 N /m?

6.4x1073 m

6.6x10-0 m
1.8

Table 2 -~ Classification of Polyimides into Three Friction and Wear Groups

for Ambient Temperature Conditions (22° to 27° C in 50 percent RH air).

(Disk material, polyimide film or solid body; rider material,
hemispherically-tipped 440C HT stainless steel rider; load, 9.8 N; sliding
speed, 2.7 m/s (1000 rpm)).

Polyimide Film Average Average Group Group
Designation or "Steady-State" Film Wear Character-  Number
Solid Friction Rate, istics

Coefficient m3/m
PIC - 1 Film 0.13 40 x 10-14 Low
Friction-
PIC - 4 Film .13 80 x 10-14 I
High
PIC - 7 Film .10 40 x 1014 Wear
PIC - 2 Film .23 10 x 10-14
PIC - 3 Film .27 6 x 10-14 High
Friction-
PIC - 5 Film .30 6 x 10-14 11
Low
PIC - 6 Film .28 12 x 10-14 Wear
uyn Solid .52 10 x 10-14
High
Friction- III
npn Solid .42 35 x 10714 High

Wear




Table 3 - Friction and Wear Results for a Hemispherically Tipped Pin
Sliding on Polyimide Bonded MoSy or (CFy), Films

During the Secondary Film Lubricating Mechanism

(Disk substrate, sandbalsted 440C HT stainless steel; pin material, 440C HT stainless steel;
load, 9.8N; sliding speed, 2.7 m/s (1000 rpm); atmosphere, dry air (<10000m H0)).

Temper- Low Average Endurance * Rider Wear Rate 10-15 m3/m
ature, Friction life
C Coefficient ke
0 to 60 kc 0 to Endurance
Life
MoSo (CFy)n MoSo (CFy)n MoSy (CFy)n MoS) (CFy)n
25 .02 .08 1400 3000 .02 .005 .2 .08
100 .02 .04 560 2700 .02 .005 .2 .07
200 .02 .03 100 1800 .02 .009 i o7
300 .02 .03 30 480 - 04 1.3 1.1
350 .05 - 10 -— - - 1.9 -—
400 .06 .03 4 230 - - 3.2 4.2
500 —— .04 - 20 - - -— 21

* Kilocycles of sliding to reach u of 0.30.
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Table 5 — Comparison of Friction Coefficients and Wear Rates of Polyimide
Composite Materials

(Disk, composite material; rider, hemispherically tipped 440C HT stainless
steel pin; sliding speed, 2.7 m/s (1000 rpm); load, 9.8 N)

Average
Type of TemEerature Friction Coefficient Average Wear Rate
Composite C Dry* Moist** Dry Moist
Air Air Air, Air,
m3/m m3/m
Type IIVII
Polyimide 25 —_ 0.37 — 10x10-14
15% graphite
Powder : 300 — - — —
Type IIAII
Polyimide 25 0.09 0.20 2x10-14 1.5x10-14
50% Type "L"
Graphite 300 0.02 0.05 6x10-14 2x10-14
Fibers
Type IICII
Polyimide 25 0.16 0.19 1x10-14 2.5x10-14
50% Type "L"
Graphite
Fibers 300 0.18 0.04 7x10™14 2x10-14
Type "C" .
Polyimide 25 0.12  0.18 3x10-14 5x10-14
50% Type "H"
Graphite 300 0.26 0.09 gx10-14 2x10-14

Fibers

* 100 ppm Hy0
** 10 000 ppm Hy0 (50 percent R.H.).



Table 6 - Comparison of Friction and Wear Data Obtained on GFRPI Composites
Using Different Experimental-Apparatus and Geometries.

Experimental Composite Tempera- Average Specific Wear
Apparatus - Wear ture, Friction Rate,
Specimen Coeffi- m /N-m
cient
Self-aligning Molded@ 25 0.15 1.220.4x10-15
plain bearings Tiner 315 .05 1.240.4x10-15
Insert?d 25 15 2.0+1.0x10-15
Tiner 315 .05 2.0+1.0x10-15
Pin-on-disk Pinb 25 .39 ©0.420.1x10715
300 .50 20.0+10x10-15
DiskC® 25 .19 1.3%0.4x10-15
1.5%0.3x10-15

300 .05

8Data from Ref. 21.
bData from Ref. 23.
CData from Ref. 26.
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- Rider slanted at
0. 95-mm-diameter fiat 459 1o disk-;

Solid-lubricant film— Applied load \ ;

Applied !oad\
Friction force { (

Strain gage SN DS ~—rilm

Direction of
rotation

| inear variable
differential
transformer LVDT)

e —Induction heating coil

CD-12391-15 v
}I - Y Thermocouple |
\ - ‘ Thermocouple
LControlled-atmosphere inlet positioning
micrometer

Figure 2, - Friction and wear apparatus,



RIDER CONTACT ~ SECONDARY

FILM — KILOCYCLES
SURFACE PROFILE — /— AREA ‘\\ OF SLIDING
BONDED \ y \
S~ \ 1
\
METAL e S
o M ] M
30
% % 1x10"Yem % % 60
(a) Film supports load, (b} Film does not

support load.

Figure 3. - Cross sectional area schematics of the wear areas on a bonded film {polymer or
other type of solid lubricant film) after 1, 30 and 60 kilocycles of sliding illustrating the
two different types of macroscopic lubricating mechanisms. (Note that vertical magnifi-
cation is 50 times horizontal magnification. )

TYPE "'V'" POLYIMIDE SOLID DiSK
TYPE "A'" POLYIMIDE SOLID DISK
PIC-5 POLYIMIDE FILM
PIC-7 POLYIMIDE FILM

X
OO0

WEAR VOLUME, m3

I I I I I I
0 10 20 30 40 50 60
SLIDING DISTANCE, km

CS-82-2430
Figure 4. - Wear volume as a function of sliding distance for various
polyimide film or solid body materials, (Sliding speed, 2.7 mls;
load, 9.8 N; 50%R. H. air atmosphere; 0,476cm-radius hemispher-
ically tipped pin riders).
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RIDER
SLDING
DIRECTION

BRIGHT AREAS CONSIST
OF POWDERY, AGGLOM-
ERATED POLYIMIDE WEAR
PARTICLES

RIDER
SLIDING
DIRECTION

(a) Wear surface on Group | type of polyimide.

(b) Wear surface on Group Il type of polyimide.

Figure 5. - High magnification photomicrographs illustrating the
difference wear track surface morphology between Group | poly-
imides, Group Il polyimides, and Group 1| polyimides.



FRICTION COEFFICIENT

RIDER
8 SLIDING
DIRECTION

| BACK-TRANSEERED
| MATERIAL g

(c) Wear surface on group 111 type polyi mide,
Figure 5, - Concluded.

TYPE "V'' POLYIMIDE SOLID

TYPE A" POLYIMIDE SOLID

PIC-5 POLYIMIDE FILM

_.—FILMWORN THROUGH
TO SUBSTRATE

*

PIC-7 POLYIMIDE FILM

| | I I I | 1 | .

1 2 3 4
SLIDING DISTANCE, km

Figure 6. -Friction coefficient as a function of sliding distance (for the initial stages of slid-
ing) for two different polyimides made into solid disks and for two different polyimides
applied as films to metallic disks. (Sliding speed, 2.7 m/s; load, 9.8N; 50%R.H. air
atmosphere; 0, 476 cm-radius hemispherically tipped metallic riders).



SLIDING
DIRECTION

VERY SMOOTH,
FEATURELESS
SURFACE WITH
STRIATIONS

IN SLIDING
DIRECTION

Figure 7. - High magnification photomicrograph of polyimide (PIC-1) film
wear track surface after 120 ke (2 hours) of sliding at 150° C in dry air,
illustrating the sliding surface morphology at a temperature above the
transition.



AVERAGE FRICTION COEFFICIENT

m

FILM WEAR RATE, m3

O DRY AIR (<100 ppm Hy0)

O MOIST AIR (10,000 ppm Hy0)
.4|—%? DRY ARGON (<100 ppm Hy0)
31—

2
A
1 i ih
0 50 100 150 200
TEMPERATURE °C
(a)
1012
10713 L
10141
10715 —
Ty IR R B
50 100 150 200
(b) TEMPERATURE 0C

(a) Friction coefficient.
(b) Film wear rate.

Figure 8. - Effect of temperature
and atmosphere on the friction
coefficient and wear rate of pol-
yimide films, (Specific type of
polyimide film PIC-1)

SLIDING
DIRECTION

| CRUMBLING

METALLIC
SUBSTRATE
ASPERITY
PLAT

| COLORED
{ INTERFERENCE
1 Banps

(a) 1/4 ke of sliding.
(b) 5 ke of sliding.
(c) 15 ke of sliding

L SINTERED

POLYIMIDE-

| GRAPHITE

: FLUORIDE .

| FILM BETWEEN:
| ASPERITIES

Figure 9. - High magnification photomicrographs of the central
area of the wear track ( for the hemisphere sliding on a 45-
micrometer-thick polyimide-bonded graphite flucride film)
after sliding intervals of 1/4, 5, and 15 kilocycles under a

9.8 N load at 1000 rpm (2.6 M/s).




PIN SLIDING |
DIRECTION

FLAT PLATEAUS ON
FILM ASPERITIES

INCREASING

(a) 5 ke of sliding.
(b) 60 ke of sliding.

Figure 10. - Photomicrographs of the same area on the wear track of a poly-
imide-bonded graphite fluoride film after sliding durations of 5 and 60
kilocycles. (Pin, 440C HT stainless steel with a 0,95 mm-diameter flat;
load, 1 kg; projected contact stress, 7 MPa (1000 psi); sliding speed,
2.7 m/s (1000 rpm); 50% RH air atmosphere).



SPALLED
AREA

BLISTER
IN PROCESS
OF SPALLING

Figure 11. - High magnification photomicrograph of the wear track
which was taken after the 0.95 mm diameter flat had slid for
1500 ke on the polyimide-bonded graphite fluoride film, showing
blistering and spalling of a thin layer of the film.

-



AVERAGE FILM WEAR RATE, m3/m

RIDER CONT%CT AREA,

cm
@ 0.0035
O 0.0071
o 0. 0145
A 0.0240 .« WEAR RATE -
1\ 2ND WEAR MECHANISH _
S Wals = Ry = 3.1x1077A% 21, 3)p
130x10714 VA
s P
Vil / ! \
// // 'l \
120 — F / \
\
\
\
110(— A
\
100(—
90—
80—
70—
60— J
a- |
o
40—
30—
20— ~ WEAR RATE -
1ST WEAR MECHANISM
10— Wyfs = Ry = Lax1071p
|

0 20 40 60
CONTACT STRESS, MPa

Figure 12, - Average Pl-bonded (CFy ), film wear rate experimental
values as a function of contact stress showing wear rate curves
which were derived from the data points. (R, and R are wear
rates; W, and W2 are wear volumes; S is sﬂ‘dmg distance, P is
contact stress in MPa, and A is rin flat contact area).



FRICTION COEFFICIENT

TYPE "V' POLYIMIDE - 15% GRAPHITE POWDER

TYPE ""C'" POLYIMIDE - 50% TYPE "H'" CARBON FIBER Y

e

I

/

T

TYPE "'C"" POLYIMIDE - 50% TYPE "L" CARBON FIBER —~ !
TYPE "A" POLYIMIDE - 50% TYPE ''L" CARBON FIBER ~

1 2 3 4
SLIDING DISTANCE, km

CS-82-2438
Figure 13. -Friction coefficient as a function of sliding distance (for initial stages of sliding)
for polyimide composite materials made into composite disks. (Sliding speed, 2.7 m/fs; load,
9.8 N; 50%R.H. air atmosphere; 0, 476 cm-radius hemispherically tipped pin riders).
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MIXING TOGE THER
AND PLASTIC FLOW OF e
POLYINIDE AND GRAPHITE (SR & - 0 cr
FIBERS =y e 4 s oinG

l DIRECTION

Figure 16. - Photomicrograph of typical wear track surface morphology of
GFRPI composite disks formulated using type “‘H** carbon fibers and
evaluated at 25° C in a moist air atmosphere (10,000 ppm Ho0).

SURFACE RIDER

LAYER . SLIDING
SPALLING DIRECTION

GRAPHITE
FIBERS
BENEATH .

SURFACE SURFACE LAYER

| LAYER OF POLYIMIDE
AND GRAPHITE
FIBERS =

DISTENSION OF
SURFACE LAYER

Figure 17. - Photomicrograph of typical wear track surface morphology of
type A" polyimide GFRPI composite disks formulated using type “‘L**

carbon fibers and evaluated at 25° C in a moist air atmosphere (10,000
PPM Ho0).
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EMBEDDED
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Figure 18. - Photomicrographs of the wear track surface
morphology at 300° C in moist air of GFRPI composites
formulated from type “A’ polyimide and type *H*
fibers. Similar surface morphology resulted with the
other polyimide and graphite fiber under these
conditions.

RIDER. e GRAPHITE
SLIDING & FIBERS
DIRECTION L CRACKING

AND
SPALLING

Figure 19, - Photomicrograph of typical wear track surface morphology of
all GFRPI composite disks evaluated at 300° C in a dry air atmosphere
(< 100 ppm Hy0).
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SLIDING DURATION, km

Figure 20. -Friction coefficient and GFRPI rider wear volume

as a function of sliding duration. (Disk, 440C HT stainless
steel; temperature, 250 C; sliding speed, 2.7 m/s; load,
9.8N; 50%R.H. air atmosphere).
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THIN :
PLASTICALLY
FLOWING
TRANSFER

DIRECTION |

HEAVY
RIDGES OF
TRANSFER
UPTO .
2 um
THICK

(a) 1 km of sliding, u=-0.31.
(b) 40 km of sliding, u = 0.58.

Figure 21. - Transfer to 440C HT stainless steel counterfaces from GFRP|
riders (type “A" polyimide, type **L" graphite fiber) when fower friction
coefficients and when higher friction coefficients were obtained., (Temper-
at/ure, 25% C; atmosphere, 50% RH air; load, 9.8 N; sliding speed, 2.7
m/s.)
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BACK-
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(a) 1 km of sliding, p=-0.31.
(b) 40 km of sliding, p=-0.58.

Figure 22, - Wear surface morphology of GFRPI riders (type ““A* polyimide,
type ““L’* graphite fiber) which slid on 440C HT stainless steel counter-
faces when lower friction coefficients and when higher friction coeffi-
cients were obtained. (Temperature, 25° C; atmosphere, 50% RH air; load,
9.8 N; sliding speed, 2.7 m/s.)
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